We present a comprehensive study of the optical and transient photoconductive properties of pentacene and functionalized pentacene thin films grown by evaporation or from solution onto a variety of substrates. The transient photoconductivity was studied over picosecond time scales using time-resolved terahertz pulse spectroscopy. The structure and morphology of the films were assessed using x-ray diffraction, atomic force microscopy, and scanning electron microscopy. Regular pentacene films grown by evaporation under similar conditions but on different substrates yielded polycrystalline films with similar morphology and similar optical and transient photoconductive properties. Single exponential or biexponential decay dynamics was observed in all of the regular pentacene films studied. Functionalized pentacene films grown by evaporation at two different substrate temperatures ͑as well as from solution͒ yielded significant variations in morphology, resulting in different optical-absorption spectra and transient photoconductivities that could be correlated with film structure. The lower limit of the charge-carrier mobility, estimated from the amplitude of the transient photoconductive response, was ϳ0.02-0.04 cm 2 / V s in the case of regular pentacene films and ϳ0.01-0.06 cm 2 / V s in the case of functionalized pentacene films, depending on the film morphology. The best functionalized pentacene films exhibited transient photoconductivity values reaching ϳ30% -40% of those obtained in functionalized pentacene single-crystal samples, and showed similar power-law decay dynamics. We also report on terahertz pulse generation from voltage-biased pentacene thin films.
I. INTRODUCTION
For over 50 years, organic semiconductors have been investigated as an alternative to inorganic semiconductors in an effort to achieve low cost, easy fabrication, and tunable properties. 1, 2 Applications envisioned for organic semiconductors include xerography, thin-film transistors, lightemitting diodes, solar cells, and many others. 3, 4 Since most of these applications rely on the conductive and photoconductive properties of the materials, it is important to understand the physical mechanisms of charge photogeneration, transport, trapping, and recombination. However, despite numerous theoretical and experimental studies of the optical and electronic properties of organic solids, these mechanisms are not well understood and are still the subject of debate in the literature. [5] [6] [7] Indeed, it is a complicated task to reveal the intrinsic properties of organic materials, since they are often masked by the influence of impurities, the presence of which is very sensitive to the methods of material purification and device fabrication. [8] [9] [10] [11] In addition, most experimental techniques that assess the electronic properties of materials require the application of static electric fields with deposited electrodes. The processes occurring at the metal-organic interfaces at the electrodes can significantly affect the performance of a device, 12 making it difficult to observe the intrinsic properties of the material.
Since many applications proposed for organic semiconductors would utilize thin-film geometries, it is necessary to understand the relationships between morphology and the optical and charge transport properties of the films. This, in turn, could help improve the film preparation methods. It is well known that optical-absorption spectra and charge-carrier mobilities of organic films are sensitive to the film structure and morphology. 10, 11, [13] [14] [15] [16] [17] [18] [19] [20] Often, however, structure-property relationships are not straightforward 9, 10, 20 and, therefore, comprehensive studies that simultaneously link a variety of properties to film morphology are in demand. 11, 18 Time-resolved terahertz pulse spectroscopy is an experimental technique that uses electromagnetic pulses in the terahertz part of the spectrum to explore the far-infrared conductivity and ultrafast carrier dynamics in various classes of materials. 21, 22 Optical-pump-terahertz-probe time-resolved spectroscopy allows the transient photoconductive properties of materials to be measured with subpicosecond time resolu- tion, and has the added advantage of being a non contact technique ͑i.e., no electrodes required͒. In this technique, the transmission of a terahertz pulse through a sample in the presence of optical excitation is measured as a function of the delay time between the optical-pump and the terahertz probe pulses. Optical-pump-terahertz-probe spectroscopy has been utilized in studies of nonequilibrium carrier dynamics in a variety of materials such as inorganic semiconductors, 23, 24 semiconductor nanoparticles, 25 liquids, 26 insulators, 27 organic crystals, 28, 29 and has recently been extended to polymers 30 and polyacene thin films. 31 It is a valuable technique for probing the photogeneration of mobile charge carriers, intrinsic charge transport, and structureproperty relationships. Recently, optical-pump-terahertzprobe spectroscopy allowed us to observe subpicosecond charge-carrier photogeneration and bandlike charge transport in functionalized pentacene single crystals as well as regular and functionalized pentacene thin films. 28, 31, 32 In this article, we report on the optical properties and ultrafast carrier dynamics in a variety of pentacene and functionalized pentacene thin films. We correlate the opticalabsorption spectra and transient photoconductivity of the films with their morphology, as studied by atomic force and scanning electron microscopies. The paper is organized as follows: Sec. II describes the materials studied, the sample preparation methods, and the experimental procedures used in characterization of the morphological, optical, and transient photoconductive properties of the samples. Section III presents the results from x-ray diffraction, atomic force and/or scanning electron microscopy, optical-absorption spectra, and transient photoconductive properties of pentacene ͑Sec. III A͒ and functionalized pentacene ͑Sec. III B͒ samples. Section IV discusses the results in the context of structure-property relationships, and a summary is given in Sec. V.
II. EXPERIMENT

A. Materials
In our studies, we used thin films of regular pentacene ͑Pc͒ and a pentacene derivative functionalized with the triisopropylsilylethynyl ͑TIPS͒ side groups ͑FPc͒. 33, 34 Pc was obtained from Aldrich and used without further purification. All of the Pc and most of the FPc films were prepared on mica, glass, or KCl substrates by thermal evaporation of the corresponding powder heated to 200-250°C in high vacuum ͑10 −6 −10 −7 Torr͒ at a deposition rate of 0.3 Å / s. Chemical structures of the molecules as well as information about the films discussed in this paper are given in Table I , where different samples prepared simultaneously ͑i.e., under exactly the same deposition conditions͒ on the same type of substrate are presented as, for example, Pc 1 and 1Ј, whereas those prepared simultaneously but on different substrates are labeled as, for example, FPc 2a and 2b. During the vacuum deposition of all Pc films ͑Pc 1-4͒ and FPc films 1 ͑FPc 1a, 1aЈ, and 1b͒ and 3 ͑FPc 3a, 3aЈ, and 3b͒, the substrate was maintained at room temperature ͑T s =25°C͒, while the films FPc 2 ͑FPc 2a and 2b͒ were obtained at a substrate temperature of T s = 85°C. The film FPc 4 was cast from tetrahydrofuran ͑THF͒ solution on a glass substrate at room temperature. Compared to the FPc films thermally evaporated at T s = 25°C, those grown from a solution or thermally evaporated at elevated substrate temperature yielded larger crystalline domains and exhibited improved photoconductive properties, as we discuss later in the paper. The thickness of the films was measured with a profilometer ͑Tencor Instruments͒ and ranged between 150 nm and 1.3 m ͑Table I͒. FPc single-crystal samples were grown from solution and typically had dimensions of 2 ϫ 4 mm 2 and a thickness of 0.3-0.5 mm. 28, 33, 35 It is well known that polycyclic aromatic hydrocarbons including pentacene and its derivatives can be unstable in the presence of light and oxygen. 36, 37 Although we did not observe any photobleaching and/or degradation in the Pc films, some FPc films showed signs of partial photobleaching under ambient light within several months. Therefore, all the measurements reported here were carried out using freshly prepared samples that were stored in the dark between experiments, so that no day-to-day variation in the optical and photoconductive properties of the samples was observed. Furthermore, many FPc thin films slowly degraded under pulsed laser illumination, with the transient photoconductivity signals reduced by 20% after ϳ15-30 min of pulsed illumination at 580 nm, for the laser fluences typically used in our experiments ͑Sec. II D͒. In order to avoid this problem, pulsed illumination of the same spot on a FPc film was limited to ϳ2 -10 min, depending on the film, after which the sample was translated to a new region. Interestingly, more-crystalline FPc films exhibited much slower photodegradation than the amorphous ones, and for the FPc 4 thin film and the FPc single-crystal samples, we did not observe any photodegradation of the photoresponse even after many hours of pulsed illumination. In addition, all the FPc crystals, the FPc 4 film, and all of the Pc films were very stable with respect to photo-oxidation in air under ambient light and have not shown any signs of degradation over a period of at least one year. All the Pc and FPc samples studied exhibited the same values of photoconductivity when exposed to air or kept in vacuum.
B. Optical absorption
For measurements of the optical-absorption spectra of the films, the light from a tungsten source was coupled to a fiber for illumination at normal incidence. The light transmitted through the samples was collected by a second fiber and analyzed using a charge-coupled device ͑CCD͒ spectrometer ͑Ocean Optics͒. All spectra obtained from the thin-film samples were referenced to those of the corresponding substrates, whereas the spectra from solutions were referenced to those of the solvents. For measurements of temperature dependence, the thin-film samples were mounted on 1.5 -mm apertures and placed in an optical cryostat ͑sample in vapor͒. The measurements were carried out in the range of 10-290 K, both in cooling and heating modes. The changes in the absorption spectra of all our samples with the temperature were gradual, completely reversible, and did not depend on the thermal cycling of the sample. The data were taken at 30-40-K intervals, and at each temperature they were referenced with respect to the corresponding substrate.
C. Characterization of film structure and surface morphology
Glancing angle x-ray diffraction was performed on the films using a CCD diffractometer ͑Bruker-Nonius X8 Proteum͒ with a rotating copper anode and graded-multilayer focusing optics. The angle between the plane of the sample and the incident beam was 4°, and the sample-to-detector distance was 100 mm. During exposure, the sample was rotated a full 360°about the normal to the film surface. Atomic force microscopy ͑AFM͒ images were obtained at room temperature using a multimode AFM ͑Digital Instruments͒ in tapping mode with Si cantilevers oscillating at a frequency of 100-300 kHz. The lateral resolution was about 15 nm. Secondary electron micrographs were obtained at room temperature using a Hitachi S-4800 ͑cold tip field emission͒ scanning electron microscope ͑SEM͒. No conductive coating was applied to the sample surface. The electron beam was at normal incidence to the sample, and the accelerating voltage was 1.5-3 kV.
D. Transient photoconductivity
Optical-pump-terahertz-probe experiments
A detailed description of the optical-pump-terahertzprobe experimental setup has been reported elsewhere. 24, 38 Briefly, an amplified Ti:sapphire laser source ͑800 nm, 100 fs, 1 kHz͒ was used to produce optical-pump pulses at a wavelength of ϳ 580 nm through optical parametric amplification and terahertz probe pulses generated via optical rectification in a 0.5-mm-thick ZnTe crystal. The samples were mounted on 1 -2-mm apertures, and both the terahertz-probe and optical-pump pulses were at normal incidence to the surface of the films or a-b plane of the single-crystal samples ͓Fig. 1͑a͔͒. The experiments were carried out in air at room temperature. The electric field of the terahertz pulse transmitted through the samples, T͑t͒, was detected by free-space electro-optic sampling in a 2-mm-thick ZnTe crystal and monitored at various delay times ͑⌬t͒ with respect to the optical-pump pulse. Terahertz transmissions through the substrates used in our experiments were 88%, 44%, and 30% in the cases of mica, KCl, and glass substrates, respectively; among the films grown on different substrates under the same conditions, the best signal-to-noise ratio in photoconductivity transients was obtained in films grown on mica, due to its relative transparency at terahertz frequencies. The range of optical-pump fluences employed in our experiments was 0.9-1.5 mJ/ cm 2 with ϳ 580 nm resulted in a change in the transmitted electric field ͓−⌬T͑t͔͒ due to the transient photoconductivity ͑i.e., mobile photocarriers͒. 31 We note that the polarization of photogenerated neutral excitons by the terahertz electric field would result in a phase shift between the −⌬T͑t͒ and T͑t͒ wave forms. 39 However, in the absence of this phase shift, as was the case for all our samples, the optically induced relative change in the terahertz peak amplitude ͓−͑T − T 0 ͒ / T 0 ϵ −⌬T / T 0 , where T 0 is the amplitude of the terahertz pulse transmitted through unexcited sample͔ provides a direct measure of the transient photoconductivity. 28, 29, 31 In the approximation of a thin conducting film on an insulating substrate, the differential transmission ͑−⌬T / T 0 ͒ due to optical excitation of mobile carriers at small ͉⌬T / T 0 ͉ is related to the transient photoconductivity as follows:
24,28,29 =−͑⌬T / T 0 ͒͑1 + N͒ / ͑Z 0 d͒, where Z 0 = 377 ⍀ is the impedance of free space, N is the refractive index of the substrate at terahertz frequencies, and d is the film thickness. Using this expression, and setting the maximum value for the transient response at ⌬t = 0 so that ͉⌬T / T 0 ͉ max = ͉⌬T͑0͒ / T 0 ͉, the product of the charge-carrier mobility ͑͒ and photogeneration efficiency ͑͒ can be calculated as follows:
where e is the electric charge, h is Planck's constant, is the light frequency, ␣ is the absorption coefficient, F is the incident fluence, and R is the reflection coefficient.
Terahertz generation experiments
Gold ͑Au͒ electrodes 110 nm thick were deposited on some of the Pc thin-film samples by thermal evaporation through a shadow mask, leaving a gap of 330 m between the electrodes. These samples were mounted on an aperture and optically excited with 580-nm, 100-fs pulses at a fluence of ϳ0.7 mJ/ cm 2 at normal incidence ͓Fig. 1͑b͔͒. The bias voltage ͑V͒ was applied using a dc high-voltage power supply. The electric field of the terahertz pulse, E͑THz͒, emitted from the sample was detected by free-space electro-optic sampling in a 2-mm-thick ZnTe crystal. 24, 38 III. RESULTS
A. Pentacene
Morphology and optical properties
Pc films prepared as described in Sec. II A yielded polycrystalline structures. X-ray-diffraction analysis revealed that the crystallites in all Pc films ͑Pc 1-4͒ were oriented with their c axis perpendicular to the substrate, in agreement with previous studies of similarly prepared films.
4,40 AFM confirmed a dendritic grain structure that appears to be characteristic of polycrystalline pentacene films. 10, 40, 41 The average grain size was approximately 0.7-1.2 m ͑e.g., ϳ1 -1.2 m in the film Pc 4, as shown in Fig. 2͒ . The grain size was slightly dependent on the substrate, with the largest average grain size obtained in films deposited on a glass substrate. 32 Optical-absorption spectra of our polycrystalline Pc films did not vary appreciably from film to film and were similar to those reported in the literature. 2, 6, 13, 14, 17, 42, 43 It is characteristic for aromatic-type organic materials to exhibit a redshift ͑or displacement ⌬͒ of the absorption spectrum in the solid phase compared to the gas phase or in a nonpolar solution due to enhanced Coulomb interaction of the molecule with its surrounding and exchange interactions between translationally equivalent molecules. 2, 44 The displacement ͑⌬͒ is different for each electronic state; it depends on the transition moments and molecular-orbital overlap; and if the spectrum of the solid phase is compared with that of a solution, ⌬ depends on the polarity of the solvent. In the case of the lowest electronic transition, the displacement can exhibit values as low as ϳ10 cm −1 ͑as for benzene single crystals compared to a benzene solution in ethanol 44 ͒ and as high as ϳ2500 cm −1 , depending on the material ͑e.g., ⌬ ϳ 1000-1500 cm −1 in anthracene and tetracene single crystals compared to their respective solutions in ethanol 44 and ⌬ ϳ 2400 cm −1 in polycrystalline pentacene films compared to solutions of pentacene in benzene 13 ͒. As seen from Fig.  3͑a͒ , in our Pc films, the displacement of ϳ95 nm ͑ϳ2400 cm −1 ͒ with respect to the spectrum of Pc solution in chlorobenzene ͑C 6 H 5 Cl͒ is obtained, similar to that in Ref. 13 . In addition, Davydov splitting 45 due to interaction of translationally nonequivalent molecules, characteristic of crystals with several molecules per unit cell ͑two in the case of Pc͒, 2 is clearly observed in the spectra of the Pc films ͓e.g., a and b bands in the spectrum of the film Pc 4 in Fig.  3͑a͔͒ . From the literature, the values for Davydov splitting of the 0-0 band obtained in Pc samples range from ϳ880 cm −1 in the case of quasiamorphous films 14 to 1100 cm −1 in the case of single crystals. Also, the values of ϳ900 and 990 cm −1 have been reported in Pc films in the "thin-film phase" and "single-crystalline phase," respectively. 42 In our Pc films, Davydov splitting values of ϳ960-1050 cm −1 were obtained at room temperature, depending on the film, which suggests the prevalence of the single-crystalline phase in all samples. Figure 3͑b͒ shows an absorption spectrum of the film Pc 4 as a function of temperature ͑for clarity, only the data at 290, 200, and 10 K are shown͒. As the temperature decreases, several gradual changes occur in the spectrum. First of all, the absorption tail observed from 720 to 780 nm at 290 K, which is likely due to transitions originating at higher vibronic levels of the ground state, 44 becomes less pronounced at lower temperatures and completely disappears at 10 K. We note that absorption tails in polyacenes have also been attributed to defect states and disorder. 14, 46 Second, at low temperatures the absorption bands are better resolved, which could be due to reduction in lifetime broadening effects. 2 In addition, the Davydov splitting increases by ϳ150 cm −1 upon cooling from 290 to 10 K, indicative of enhanced intermolecular interaction. 17 Finally, the relative strength of various bands, including the a and b transitions ͑Fig. 3͒, changes with the temperature, which has been previously observed in tetracene and pentacene thin films and attributed to molecular reorientations that cause changes in mutual molecular overlap within the unit cell.
14,15,47
Transient photoconductive properties
a. Optical-pump-terahertz-probe experiments. As we discussed in Sec. III A 1, in all our Pc films, the crystallites are oriented with their c axis perpendicular to the substrate. Therefore, the electric field of the terahertz pulse probes the transient photoconductivity in the a-b plane of the crystallites. Figure 4 shows the negative differential transmission ͑−⌬T / T 0 ͒ of the terahertz-probe pulse as a function of delay time ͑⌬t͒ between the optical-pump and terahertz-probe pulses, which reflects the dynamics of the transient photoconductivity ͑Sec. II D͒ in thin films Pc 1, Pc 3, and Pc 4. The transient photoconductivity observed in all Pc films is characterized by fast charge photogeneration that occurs in a time less than 400 fs, 31 limited by the time resolution of our setup, followed by decay due to carrier trapping and recombination. The product of charge-carrier mobility ͑͒ and photogeneration efficiency ͑͒ calculated from Eq. ͑1͒ using the maximum amplitude ͉⌬T͑0͒ / T 0 ͉ of the transient response exhibited similar values of ϳ0.02-0.04 cm 2 / V s in all the Pc films studied ͑Table II͒ and did not reflect small differences in the grain size of the films grown on different substrates. 32 Moreover, in all of the Pc films the decay dynamics at room temperature could be described either by a single exponential ͑ϰexp͓−⌬t / ͔͒ with a time constant ϳ 0.7-1 ps ͑Refs. 31 and 32͒ or biexponential ͑ϰA exp͓−⌬t / 1 ͔ + B exp͓−⌬t / 2 ͔͒ with the contribution of the fast decay component ͑ 1 ϳ 0.6-1.2 ps͒ dominating over that of the slow decay component ͑ 2 ϳ 5-16 ps͒ with A / ͑A + B͒ Ͼ 0.75, depending on the sample ͑Table II͒. Although it is not straightforward to relate the charge-carrier mobility to the grain size of the polycrystalline films, 10 longer decays of the transient photoconductivity due to fewer grain boundaries that serve as trapping sites would be expected in films with a larger grain size. However, although the grain size ͑ϳ1 -1.2 m͒ in our Pc films grown on a glass substrate was slightly larger than in those grown on mica ͑0.7-0.8 m͒, this difference did not result in significantly different decay dynamics ͑Fig. 4͒. As seen from the parameters of the fits ͑Table II͒, the sampleto-sample variation in our signals is not due to the substraterelated difference in morphology, since similar differences in the decay dynamics were obtained in films grown on the same substrate ͑e.g., Pc 1 and Pc 3Ј͒. Moreover, some differences in the decay dynamics were observed even in films grown on the same substrate under identical conditions ͑e.g., Pc 1 and Pc 1Ј͒, which suggests that local defects may influence the transients. As a result, even in our best Pc films, the deep-level trapping on grain boundaries, defects, and/or chemical impurities prevented the observation of the carrier transport on time scales above ϳ20-30 ps after photoexcitation ͑inset of Fig. 4͒ .
b. Terahertz generation experiments. One of the manifestations of ultrafast carrier generation and high charge-carrier mobility in our Pc films is terahertz generation due to acceleration of the photogenerated carriers by an applied static electric field in a voltage-biased sample. 22 While ultrafast photoconductive switches that produce terahertz generation have been studied extensively in inorganic materials, 48 organic terahertz emitters utilize optical rectification in a noncentrosymmetric crystal or poled polymer to produce terahertz generation. 49 To date, the only reports of terahertz generation from organic semiconductor photoconductive switches have been based on poly͑phenylene vinylene͒ ͑PPV͒ polymer films.
50 Figure 5 shows the terahertz pulse generated in the film Pc 2 upon optical excitation at the wavelength of ϳ580 nm at a voltage bias of 700 V ͑solid line͒, which corresponds to an applied electric field of ϳ21 kV/ cm. The polarity of the terahertz pulse depended on that of the applied voltage, and no signal was detected at zero bias ͑Fig. 5, dashed line͒, which confirms that the observed terahertz generation is not due to any possible optical rectification effects. 49 In general, the spectrum of the terahertz pulse generated in a biased photoconductor depends on the sample geometry, photoconductivity of the material, bias voltage, and the optical excitation density. 21, 51 In our experimental geometry ͑Sec. II D͒ at an incident fluence of ϳ0.7 mJ/ cm 2 and an applied voltage of 700 V, the spectrum of the terahertz transient generated in the film Pc 2 is centered at ϳ0.6 THz and has a bandwidth of about 0.8 THz with frequency components up to ϳ1.7 THz ͑inset of Fig. 5͒ . This is comparable with the terahertz pulse spectra obtained from biased low-temperature ͑LT͒-GaAs photoconductive switches, 51 and further shows that mobile photocarriers in pentacene are generated in subpicosecond time scales. Ultrafast photogeneration of mobile charge carriers within subpicosecond time scales was also reported in the terahertz emission experiments using voltage-biased PPV polymer thin films.
50
B. Functionalized pentacene
Morphology and optical properties
The structure and morphology of the FPc thin films were independent of the substrate used but sensitive to the preparation conditions and the film thickness. Figure 6͑a͒ shows the absorption spectra of a dilute solution of FPc molecules in THF ͑dash-dotted line͒ and the film FPc 1b ͑solid line͒ at room temperature, similar to the spectra obtained in TIPS FPc samples in Refs. 52 and 37. The spectra of the films FPc 2b, FPc 3b, and FPc 4 are significantly different, as seen in Fig. 6͑b͒ ͑dash-dotted, solid, and dashed lines, respectively, all at room temperature͒. In contrast with regular Pc molecules that form a "herringbone-type" packing structure in a crystal with two molecules per unit cell, the TIPS FPc molecules assume a "brick-wall-type" packing 28, 33 with one molecule per unit cell and, therefore, no Davydov splitting is expected in the spectra of FPc films. As we discussed in Sec. III A 1, a redshift ͑or displacement ⌬͒ of the absorption spectrum is expected in the solid phase compared to the gas phase or in solution, regardless of the number of molecules per unit cell. In our FPc films, the displacement ⌬ of the lowest electronic transition depends on the structure and morphology of the films. For example, as seen from Fig. 6 , the redshift of the spectrum of the film FPc 1 compared to that of FPc molecules in THF is only about 5 nm The product of mobility ͑͒ and photogeneration efficiency ͑͒ calculated from the peak of transient photoconductivity ͓−⌬T͑0͒ / T 0 ͔ using Eq. ͑1͒.
FIG. 5.
Terahertz pulse generated ͑solid line͒ from the film Pc 2 ͑on KCl͒ upon optical excitation at ϳ 580 nm and a voltage bias of 700 V corresponding to an electric field of 21 kV/ cm. No signal is observed at zero bias ͑dashed line͒. The inset shows the Fourier amplitude spectrum of the terahertz pulse. ͑ϳ220 cm −1 ͒, while in the films FPc 2b, FPc 3b, and FPc 4 it is much larger ͑⌬ ϳ 45-70 nm, or 1000-1500 cm −1 , depending on the film͒. In addition, the widths of the bands as well as the relative strengths of the vibronic transitions vary from film to film. In particular, broader bands ͑indicative of stronger intermolecular interaction͒ 2 and stronger coupling between electronic and vibronic modes 2 are observed in the films FPc 2b, FPc 3b, and FPc 4 compared to that in the FPc solution and the film FPc 1. The similarity between the spectra of the FPc solution and the film FPc 1 indicates the prevalence of an amorphous phase in this film.
14 Indeed, for a random molecular distribution, the bulky TIPS side groups 33 prevent the stacking, which weakens the features that are typically observed in the optical spectra of solid-state samples with a crystalline structure. Figure 7͑a͒ shows the AFM image of the film FPc 1, which reveals smooth featureless domains with sparse crystallites separated by 1 -2 m, the latter being responsible for the weak absorption band at ϳ680-750 nm observed in the absorption spectrum of the film ͓Fig. 6͑a͔͒. In contrast with FPc 1, the films FPc 2b, FPc 3b, and FPc 4 exhibit polycrystalline structures with significant crystalline coverage, as seen in the AFM image of the film FPc 2b ͓Fig. 7͑b͔͒, that result in a large solid-state shift ͑⌬͒ and broader bands in the optical-absorption spectra as well as improved transient photoconductive properties ͑Sec. III B 2͒. The x-ray-diffraction analysis revealed that the crystallites in films FPc 2-4 were oriented predominantly with the c axis perpendicular to the substrate.
The temperature dependence of the absorption spectra of FPc thin films is drastically different from that of the regular Pc films ͑Fig. 3͒. Figures 8͑a͒ and 8͑b͒ show the absorption spectra of the films FPc 2b and FPc 3b, respectively, at 290, 200, and 10 K. As the temperature is lowered, the most pronounced feature of these spectra is the significant redshift of the lowest-energy absorption peak upon cooling from 290 to 200 K ͑centered at ϳ685 and ϳ693 nm at 290 K and at ϳ692 and ϳ704 nm at 200 K in the films FPc 2b and 3b, respectively͒, followed by its splitting into two bands upon further cooling to 10 K ͑centered at ϳ688 and ϳ733 nm in the film FPc 2b and at ϳ682 and ϳ733 nm in the film FPc 3b͒. Similar to Pc films, the change in the absorption spectrum of FPc films with the temperature was completely reversible and did not depend on the substrate ͑e.g., identical changes in the spectra of the films FPc 3a and 3b were observed as a function of temperature͒. A redshift of the absorption spectra upon cooling has been reported in conjugated polymers and attributed to increased conjugation and exciton delocalization due to freezing out of the torsional and other low-frequency vibrational modes that disrupt conjuga- 
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Ostroverkhova et al. J. Appl. Phys. 98, 033701 ͑2005͒ tion and reduce the and * bandwidths. 53 In our FPc films, a similar mechanism could be accountable for the temperature dependence of the absorption spectra, as low-frequency vibrational modes due to the bulky TIPS side groups in the FPc molecules freeze-out upon cooling, improving stacking. Interestingly, no significant shift of the absorption edge as a function of temperature was observed in FPc singlecrystal samples, at least at temperatures ranging between 65 and 298 K. 35 
Transient photoconductivity "optical-pumpterahertz-probe experiments…
The transient photoconductivity signals obtained in various FPc films using the optical-pump-terahertz-probe timeresolved technique ͑Sec. II D͒ were all characterized by a fast rise ͑Ͻ400 fs, limited by the time resolution of our setup͒, but differed in amplitude and decay dynamics depending on the morphology of the film. The films prepared simultaneously ͑i.e., under identical conditions͒, but on different substrates ͑e.g., films FPc 3a and FPc 3b͒ yielded similar transients. Figure 9͑a͒ illustrates the transient differential transmission ͑−⌬T / T 0 ͒ obtained in the films FPc 2a, FPc 3a, and FPc 4 at room temperature. Since in these films the crystallites are oriented with their c axis perpendicular to the substrate ͑as confirmed by the x-ray-diffraction analysis͒, the electric field of the terahertz pulses probes the transient photoconductivity in the a-b plane of the crystallites, which has higher mobility than the transport along the c axis. 33 The product of charge-carrier mobility ͑͒ and photogeneration efficiency ͑͒ calculated from the amplitude of the transients using Eq. ͑1͒ yielded a value of about 0.03 cm 2 /V s in the films FPc 3a and FPc 3b ͑prepared by evaporation at T s =25°C͒ and a value twice as large of ϳ0.06 cm 2 /V s in the films FPc 2a and FPc 2b ͑prepared by evaporation at T s =85°C͒ as well as FPc 4 ͑solution grown͒ ͑Table II͒. In fact, the product of 0.06 cm 2 / V s obtained in the films FPc 2a, FPc 2b, and FPc 4 is about 30%-40% of that observed in FPc single-crystal samples at room temperature of 0.15-0.2 cm 2 / V s, depending on the sample. 28, 31 Among all the FPc films studied, the smallest value obtained for the product was ഛ0.01 cm 2 / V s in the "amorphous" films FPc 1 ͑a, aЈ, and b͒, and the decay dynamics in these films could not be analyzed due to an insufficient signal-to-noise ratio. Among the samples FPc 2 ͑a and b͒, FPc 3 ͑a, aЈ, and b͒, and FPc 4, the films FPc 3 ͑a, aЈ, and b͒ exhibited the fastest decay dynamics described by a single-exponential ͑exp͓ −⌬t / ͔͒ with ϳ 0.6-1.4 ps ͓Fig. 9͑a͒ and Table II͔. In contrast, in films FPc 2a, FPc 2b, and FPc 4, the decay dynamics persisted over at least ϳ100 ps and could be fitted by the power-law function ⌬t −␤ with ␤ = 0.53 ͓inset of Fig. 9͑b͔͒ . This behavior is similar to that obtained in FPc single crystals, as shown in Fig. 9͑b͒ , in which the decay dynamics are characterized by a power-law function with ␤ ϳ 0.5-0.7 ͓␤ = 0.62 is shown in the inset of Fig. 9͑b͔͒ . 28, 31, 35 The difference in the decay dynamics observed in the FPc films can be related to their structure. The SEM images of the films FPc 2b and FPc 3b are shown in Figs. 10͑a͒ and 
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Ostroverkhova et al. J. Appl. Phys. 98, 033701 ͑2005͒ 10͑b͒, respectively. While the film FPc 3b appears to contain small randomly interconnected domains, the film FPc 2b consists of larger crystallites ͓see also Fig. 7͑b͔͒ . As a result, in the film FPc 3b ͑or morphologically similar FPc 3a͒, a fast single-exponential decay of the transient photoconductivity is observed ͓Fig. 9͑a͔͒ as the charge carriers are trapped on the grain boundaries and/or defects within several picoseconds after photoexcitation. In contrast, the larger crystallites of film FPc 2b ͑or FPc 2a͒ support longer charge-carrier lifetimes, resulting in power-law decays of the transient photoconductivity similar to the single-crystal results over at least 100 ps ͓inset of Fig. 9͑b͔͒ .
IV. DISCUSSION
It is well known that optical-absorption spectra of organic semiconductor thin films depend on the structure and morphology of the film, 13, 14, 17, 47, 54 which is clearly demonstrated in the case of our FPc films ͑Fig. 6͒. In particular, compared to the spectra of amorphous films and solution, those of polycrystalline films exhibit significant redshift, broader bands, and stronger coupling between the electronic and vibrational transitions. Optical-absorption spectra of Pc and FPc films reflect the difference in the molecular packing of Pc and FPc molecules in a unit cell, 33 which is also a reason for dramatically different temperature dependences of Pc and FPc spectra ͑Figs. 3 and 8͒.
Regardless of morphology, all Pc and FPc films studied exhibited subpicosecond charge-carrier photogeneration ͑Figs. 4 and 9͒. Such ultrafast photoresponse of our films allowed us to observe terahertz generation in a photoconductive switch geometry ͑Fig. 5͒. As we have previously reported, the photogeneration efficiency for mobile charge carriers ͑͒ over subpicosecond time scales in Pc and FPc thin films and FPc single crystals is wavelength independent and is not thermally activated. 31, 32 These experimental results are inconsistent with exciton dissociation mechanisms 2, 55 and suggest that mobile carriers, not just excitons, are a primary photoexcitation. 7, 28, 29, 56 Although in our experiments we could not detect the presence of excitons in Pc and FPc samples, most likely due to a small exciton polarizability at terahertz frequencies, numerous studies have shown that upon photoexcitation of polyacenes a large population of excitons is formed, 2, 6, 57 which contributes to photoconductivity at longer time scales, including dc photoconductivity. 46 Therefore, the photogeneration efficiency for the primary photoexcitation of mobile charge carriers is most likely less than unity, since excitons may also be formed in the initial photoexcitation process. 30, 57, 58 Charge transport properties of pentacene derivatives have been extensively studied mostly in the field-effect, space-charge-limited current, and two-or four-point contact configurations. [8] [9] [10] 19, 52, 59 Despite numerous efforts to improve the quality of single crystals and thin films ͑such as growth conditions, purification, substrate pretreatment, etc.͒, the charge-carrier mobility obtained from most of these measurements is thermally activated ͑i.e., mobility increases as the temperature increases͒. As previously shown, 28, 29, 31 however, the mobility extracted from the peak amplitude of the terahertz differential transmission ͓−⌬T͑0͒ / T 0 ͔ measured in Pc and FPc thin films prepared without any purification or pretreatment increases as the temperature decreases in a wide temperature range from 300 down to 5 K, a signature of bandlike transport. The possible physical mechanism of the charge transport on picosecond time scales in these materials is consistent with the nearly small molecular polaron ͑MP͒ model, 6 which describes the propagation of the MP ͑forming as a result of interaction of a charge carrier with intramolecular vibrations and infrared-active modes of the nearestneighbor molecules͒ from site to site by "stepping via tunneling," while retaining bandlike features, such as mobility increasing as the temperature decreases. The time scales on which the MP transport ͑rather than the thermally activated transport͒ can be observed in polyacene thin films depend on the structure and morphology of the film. Indeed, in FPc films with smaller crystalline domains ͓e.g., FPc 3b, Fig.  10͑b͔͒ the observation of MP transport at times longer than several picoseconds after the photoexcitation is impaired due to deep-level trapping at the grain boundaries. In contrast, the films with larger crystallites such as FPc 2b ͓Fig. 10͑a͔͒ and FPc 4 exhibit long power-law decay dynamics over time FIG. 10 . Scanning electron microscopy images of the films ͑a͒ FPc 2b ͑evaporated at T s = 85°C, on glass͒ at an accelerating voltage of 3 kV, and ͑b͒ FPc 3b ͑evaporated at T s = 25°C, on glass͒ at an accelerating voltage of 1.5 kV.
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Ostroverkhova et al. J. Appl. Phys. 98, 033701 ͑2005͒ scales at least up to ϳ100 ps, similar to those observed in FPc single crystals. Such differences in the decay dynamics of the transient photoconductivity depending on the structure and morphology of the films suggest that our measurements may be able to trace directly the time scale for crossover from the bandlike to thermally activated charge transport. For example, in thin FPc films with smaller domains, the charge carriers are trapped in deep-level traps within a few picoseconds, after which a trap-dominated ͑and thus, thermally activated͒ transport could be expected, while in considerably better films and single crystals, the bandlike charge transport extends over time scales of at least several hundred picoseconds.
Although one could expect a direct link between the film crystallite size and the decay dynamics of the transient photoconductivity in films made of the same material ͑e.g., FPc͒, it is not clear yet how to unambiguously interpret and compare the decay dynamics observed in films made of different materials such as, for example, FPc and Pc. Although the grain sizes in the best FPc and Pc films were comparable, fast single or biexponential decay dynamics ͑i.e., exp͓−⌬t / ͔ with ϳ 0.7-1 ps or A exp͓−⌬t / 1 ͔ + B exp͓−⌬t / 2 ͔ with 1 ϳ0.6-1.2 ps, 2 ϳ 5 -16 ps, and A / ͑A + B͒ϳ0.8-0.9͒ were obtained in Pc films at room temperature ͑Ref. 31 and Fig. 4͒ , in contrast with longer powerlaw decays ͓ϳ͑⌬t͒ −␤ , ␤ ϳ 0.53͔ observed in the best FPc films ͑e.g., FPc 2b and FPc 4 in Fig. 9͒ . In order to clarify whether this difference is related to a difference in molecular packing, structural or chemical traps, or quality of domain boundaries, further studies are needed.
It is interesting to note that the optical-pump-terahertzprobe studies by Thorsmølle et al. 29 on Pc single crystals revealed photocarrier decay dynamics with fast ͑ϳ0.8 ps͒ and slow ͑ϳ4 ps͒ components, similar to what was observed here for polycrystalline Pc thin films. However, the roomtemperature product measured by Thorsmølle et al. 29 for Pc single crystals was approximately 0.2 cm 2 / V s, which is higher than the values measured here of 0.02-0.04 cm 2 /V s for polycrystalline Pc thin-film samples. The similar decay dynamics but lower product for the Pc thin films compared to single crystals would suggest that the photogeneration efficiency in the Pc thin-film samples was lower than that in Pc single crystals. This may be due to fast trapping or recombination of mobile carriers generated at ͑or near͒ the grain boundaries in the polycrystalline Pc thin films over time scales shorter than the 0.4-ps time resolution of our setup. The number of photocarriers that remained mobile within the grains for times longer than 0.4 ps would then determine the magnitude of the observed photoconductive transient ͑i.e., ͉⌬T͑0͒ / T 0 ͉͒, which is used to obtain the product from Eq. ͑1͒. The average carrier density seen by the terahertz probe pulse, which has a spot size ͑ϳ1 mm͒ much larger than the typical grain size in the polycrystalline films, would be much lower in the thin-film samples compared to bulk single crystals. This would result in lower products for the thin-film samples.
The product calculated from the peak values of the transient photoconductivity measured in our FPc thin-film samples ranged from less than 0.01 cm 2 / V s to as high as 0.06 cm 2 / V s, depending on the film ͑Secs. III A 2 a and III B 2͒. The films FPc 2 ͑a and b͒ prepared by thermal evaporation on a heated substrate ͑T s =85°C͒ and the FPc 4 film grown from solution exhibited the highest values of all the films studied of ϳ0.06 cm 2 / V s. Considering that this value is only a factor of ϳ3 below that obtained in FPc single-crystal samples ͑ ϳ 0.15-0.2 cm 2 / V s at room temperature͒, we conclude that these preparation methods yield polycrystalline films with the best transient photoconductive properties. Although in our measurements we cannot separate the charge-carrier mobility and photogeneration efficiency , the obtained values of provide an estimate of the lower limit of the mobility if we assume = 1 in our samples. However, as mentioned above, Ͻ 1 due to a significant population of excitons that do not contribute to our subpicosecond photoconductivity signal as well as initial carrier trapping and recombination that occurs within 400 fs after excitation, not resolved in our experiments. 31 The charge-carrier mobilities, therefore, are most likely higher than those listed for in Fig. 9͑b͔͒ , but the peak values of the photoconductive response are very different. The similarity in decay dynamics compared to single crystals implies that we are probing intrinsic carrier dynamics within the grains of the best polycrystalline FPc films. However, as discussed above for the Pc films, the magnitude of the photoconductive transient is lower in the FPc thin-film samples due to recombination or trapping of photogenerated charge carriers at ͑or near͒ the grain boundaries at short time scales ͑Ͻ0.4 ps͒. Therefore, a peak photoconductive response for the best FPc thin films that is a factor of ϳ3 lower than that obtained in FPc single crystals would suggest that, out of all the primary charge-carrier photoexcitations initially generated by the pump pulse in the FPc films, only about 30% of those primary carriers remain mobile in the sample after 0.4 ps and are located within the crystalline grains ͑if we assume that the carrier mobility within each grain is the same as that in the bulk single-crystal samples͒. The terahertz pulse then probes the charge transport within the crystalline grains, which results not only in similar decay dynamics to that seen in single crystals but also the observation of bandlike transport, as previously reported in Pc and FPc films. 31 If we also consider a further reduction in due to the generation of primary excitons, then we expect the carrier mobility in our best FPc films to be much higher than 0.06 cm 2 / V s. For example, if we assume that ϳ10% of all the primary photoexcitations are mobile charge carriers ͓as reported for poly͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒ in Ref. 58͔ , and that ϳ30% of those carriers survive beyond 0.4 ps within each grain, then the carrier mobility in the grains would actually be ϳ2 cm 2 / V s. Nevertheless, mobility values larger than 0.06 cm 2 / V s in our best FPc films are consistent with those measured by Sheraw et al. 19 of 0.05-0.4 cm 2 / V s using field-effect transistor ͑FET͒ devices on FPc ͑TIPS͒ thin films evaporated on pretreated substrates.
V. CONCLUSIONS
In summary, we presented the optical and transient photoconductive properties of a variety of pentacene and functionalized pentacene thin films. Optical-absorption spectra depend on the temperature as well as on the structure and morphology of the films. In all samples, subpicosecond photogeneration of mobile charge carriers was observed. The lower limits of charge-carrier mobility calculated from the amplitude of the transient photoconductivity in the a-b plane of the crystallites were ϳ0.04 cm 2 / V s and ϳ0.06 cm 2 /V s in the best pentacene and functionalized pentacene films, respectively. Preparation methods utilizing either thermal evaporation and a heated substrate ͑T s =85°C͒ or growth from solution yielded the best functionalized pentacene films. These films exhibited photoconductivity transients reaching 30%-40% of those in functionalized pentacene single crystals as well as similar power-law decay dynamics as single-crystal samples over at least ϳ100 ps. In pentacene films and functionalized pentacene films with a small grain size, smaller photoconductivity transients as well as single or biexponential decay dynamics were observed.
